In the context of near-infrared neurostimulation, we report on an experimental hybrid electrode allowing for simultaneous photonic or electrical neurostimulation and for electrical recording of evoked action potentials. The electrode includes three contacts and one optrode. The optrode is an opening in the cuff through which the tip of an optical fibre is held close to the epineurium. Two contacts provide action potential recording. The remaining contact, together with a remote subcutaneous electrode, is used for electric stimulation which allows periodical assessment of the viability of the nerve during the experiment.
INTRODUCTION
Neurostimulation is defined as the modulation of the nervous system's activity with artificial means. This technique is one of the fastest-growing areas of medicine and is used both for research and therapy. It is a key research tool for understanding the behaviour of the nervous system [1] . At the level of clinical applications, various forms of neuromodulation therapy are already approved and potential new directions emerge. A first widely known application is pain management [2] [3] . Nerve stimulation is also used for functional recovery of lost functions. In that respect, it can allow a paralysed patient to partially recover motor control. The cochlear implant is now a typical treatment for some forms of deafness. Nerve stimulation is also exploited in various neurological diseases such as Parkinson's disease or epilepsy. As the field is gaining more and more acceptance among patients and practitioners, the potential for future applications is constantly broadening.
Among the possible neural activation techniques (including electrical, chemical, mechanical or magnetic stimulation), the most widely used today is by far the electrical modality: electric current pulses are transferred to the target neural structure through electrodes placed on or in the tissue. This modality, however, has major limitations [4] [5] . Indeed, spatial resolution is limited by the large spreading of the stimulating current through volume conduction. This activates neighbouring structures as well as the target, causing undesired effects such as muscle twitch or pain. In addition, measurement of the evoked electrical activity is polluted by a large stimulation artefact. A third limitation is the incompatibility of the device with MRI. These systems generate damaging local induction heat in the metallic components and leads. The presence of implanted parts interfering with the electromagnetic fields also results in image distortion. Finally, the order in which the nerve fibres are physiologically recruited differs from the electrical recruitment order. In physiological conditions, the smallest fibres are activated first while larger fibres have lower electrical stimulation threshold and thus respond to the lowest electrical stimuli [6] .
Photonic stimulation, i.e. stimulation of neural membranes by light energy without genetic modification of the cells or dye addition, can overcome these limitations. Photonic stimulation allows focusing the stimulus power on a small spot, thereby increasing the spatial resolution. This opens the path towards new applications and can improve already existing procedures (e.g. visual prosthesis or bladder control). Another advantage is that responses to photonic stimuli are free from electrical artefacts arising from the stimulation pulse. The evoked action potentials can thus be recorded at short distance from the stimulated point, allowing a single implant to provide the real-time feedback necessary to ensure proper operation of the stimulating device. In addition, photonic devices devoid of metallic components, wires being replaced by optical fibres, can be MRI compatible. This is a huge advantage, taking into account the fast growing role of MRI in medical practice. Finally, photonic stimulation could perhaps activate nerve fibres with smaller diameter first. In this respect, it is interesting to recall that the cable equation described by [7] suggests a higher sensitivity of smaller nerve fibres to heat. This last advantage is of paramount importance in applications seeking a more physiological fibre recruitment.
Three main wavelength ranges in the infrared have been extensively explored in the literature namely: 1500 nm [8] [9] , 1850 nm [10] , [11] , [12] , [13] , [14] , [15] and 2100 nm [16] , [17] , [18] . These wavelengths share a water absorption coefficient value that ranges between 10 and 20 cm -1 , resulting in penetration depths 1 between 500 µm and 1 mm. In the absence of specific light absorption data in peripheral nerves, the water absorption properties have been used as an approximation to predict the absorption of light in the nerve. Water is indeed the main chromophore in biological soft tissues. In peripheral nerves, the penetration depth must exceed at least the combined epineurium and perineurium thicknesses, i.e. 200 μm [14] , in order to reach nerve fibres. However, the optimal penetration depth is also limited by the target nerve diameter, as light must be absorbed by nerve fibres to activate them.
In the present work, a 1470 nm light source was chosen. This wavelength corresponds to a peak in the water absorption spectrum (around 11 cm -1 ) and a penetration depth around 900 µm. Mouse sciatic nerves are used as targets in the present work: as their diameter is around 1 mm, such a penetration depth is suitable. The selected wavelength also has several advantages over the others. Light sources firing at this wavelength are cheaper and available in small packages thanks to their use in optical telecommunications, bearing in mind the future possibility of miniaturisation and implantation. In addition, optical components (optical fibres and connectors) designed for this wavelength are also cheaper and easily available.
The results reported in this paper are a continuation of our previous work [19] . The aim of the present experiment is to validate the initial findings and to acquire additional information (such as nerve fibres recruitment curve, stimulating threshold depending on the fibres population, etc.) required for future developments.
MATERIAL AND METHODS
All experiments are conducted at the CMMI (Center for Microscopy and Molecular Imaging, Gosselies, Belgium), an animal care facility accredited by the Animal Care Service of the Federal Public Department. This work fully complies with a protocol approved by the CEBEA (ethics committee of the Université libre de Bruxelles), in agreement with the ETS 123 European Convention.
Animal preparation
Photonic stimulations are performed in vivo on the sciatic nerve of a female CD1 mouse weighting 25 g. The procedure starts with an intraperitoneal injection of anaesthetic 2 whose volume is proportional to the animal weight: 250 µl for a 25 g mouse. To maintain sedation during the whole experiment, a supplementation 50 µl injection is necessary and performed at the first sign of awakening.
1 Depth penetration is defined as the depth at which the intensity of the light inside a material falls to 1/e of the intensity at the surface of this material. It is extracted from the Beer-Lambert law. 2 Composition of the anaesthetic: 5% of Rompun sol. 2% + 10% of Nimatek 100 mg/ml + 85% of physiologic serum.
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The surgery is performed on top of a heating plate to avoid hypothermia. The animal is placed in ventral position. The whole right leg is shaved. An incision is made along the thigh. Tissues and muscles covering the sciatic nerve are carefully split away, avoiding muscle cuts. The wound is regularly moistened with Hartmann liquid (Baxter, Lessines, Belgium). The heating plate is turned off after the surgery to avoid electrical interference and the animal temperature is maintained with an infrared light throughout the experiment. After completion of the tests, the animal, still under anaesthesia, is euthanised by cervical dislocation.
Room and wound temperatures are regularly checked. Room temperature varies between 21 and 23°C. The wound temperature is maintained between 35 and 39°C.
Experimental set-up
A hybrid cuff is wrapped around the exposed sciatic nerve (Figure 1 ). This cuff allows for simultaneous photonic or electrical neurostimulation, and electrical recording of evoked action potentials. The electrode includes three contacts and one optrode. Two contacts are devoted to action potential recording. The remaining contact, together with a remote subcutaneous electrode, is used for electric stimulation to allow comparisons and periodically assessment of the viability of the nerve during the experiment without disturbing the setup. The optrode is an opening in the cuff through which the tip of a polished optical fibre is held close to the epineurium.
The cuff is a standard nerve cuff electrode from MicroProbes (Gaithersburg, USA). Its inner diameter is 1 mm. The 3 contacts are 250 μm diameter stainless steel wires. The distance between the contacts is 1 mm and the distance between the last contact and the edge of the cuff is 3 mm. The 4 electrical contacts are connected via wires to a custom-made laboratory neurostimulator (NDP_V1). This external neurostimulator is controlled through a user interface implemented in MATLAB 3 , via a USB cable. Amongst others, this device has the three following features, all relevant for the present experiment:
• Electrical stimulation provides a means to perform classical electrical stimulation, to ensure that the nerve is viable and for comparison purposes. The circuitry used is based on a Synergia Medical patent [20] . It uses photovoltaic cells optically coupled to light-emitting diodes as stimulation generators.
• Electrical Sensing is performed by a two-stage amplifier. The first stage is composed of an instrumentation amplifier (input impedance of 10 10 Ω in parallel with 2 pF) with a gain of 101, followed by a high-pass RC filter with a cutoff frequency of 106 Hz. The second stage has a gain of 11 and a low-pass cutoff frequency of 4.5 kHz. The output signal is linearly opto-coupled (dividing the gain by 2) to a 16-bit ADC converter at a sampling rate of 20 kHz. This opto-insulation, together with a own separate battery, provides galvanic insulation to the amplification circuitry. Altogether, it provides a bandwidth of 106 Hz to 4.5 kHz, with a total gain of 555.
• Photonic Stimulation takes the form of a trigger logic signal which activates the stimulating optical source, namely the neoV1470. The neoV1470 is usually triggered with a pedal switch, which is replaced in the present set-up by an electronic relay activated by the trigger signal.
The optical source used for near-infrared neurostimulation, the one which actually delivers the stimulating photonic pulses to the nerve, is the neoV1470 laser from neoLaser (Caesarea, Israel). It is originally developed for endovascular applications. This continuous-wave laser generates up to 10 W at 1470 nm. Its user interface allows to adjust the output power, the pulse duration, the number of pulses in an excitation sequence and the delay between the pulses. The 1470 nm output, which is invisible, is coupled to an aiming beam in the visible range (red, 650 nm), used to align the output of the laser with the target nerve.
The stimulating optical fibre coupled to the neoV1470 is a 200 µm core multimode patchcord (M44L02 from Thorlabs, Dortmund, Germany) cut in half. The free end of the patchcord is stripped, polished by hand on polishing sheets and cleaned. After cleaning, the fibre tip is visually inspected with a fiberscope to assess the end facet quality.
Calibration of the neoV1470
Calibration of the neoV1470 is performed with a PM100D powermeter from Thorlabs (Dortmund, Germany) and a S310C sensor. The available output power reaches around 50 % of the laser output power. The losses are mainly due to the coupling between the neoV1470 (optimized for 400 µm core fibre) and the 200 µm core fibre patchcord.
The optical pulses, ranging between 100 µs and 1 ms, are temporally characterised using a photodiode PT410 from Roithner (Vienna, Austria) connected to a 200 MHz oscilloscope (DS2202A from Rigol, Beijing, China) with a rise time shorter than 5 ns. Examples of temporal traces are shown in Figure 2 . Figure 2 shows that the pulse intensity increases linearly with the laser output power as expected, but also that there is quite a significant jitter in the neoV1470 triggering. Indeed, the pulse starting point varies within a 100 µs range (over 50 measurements, not shown). This variability is due to the switch used in the NDP_V1 to trigger the neoV1470.
The neoV1470 pulse durations are perfectly controlled (less than 1 µs tolerance). The rise time, defined as the duration required to each 90% of the final plateau intensity, is computed and found to be 20 µs (see Figure 3 ). 800 Figure 3 . The pulses rise time, which corresponds to the duration for the pulse to reach 90% of its final intensity, is found to be 20 µs.
Data analysis
The recorded signals are smoothed using a symmetrical 250 µs (5 samples) moving average algorithm (smooth MATLAB function). Figure 4 shows two signals before and after their smoothing for illustration purpose. The amplitude of the peak is altered by this numerical treatment but it does not introduce any temporal shift nor modify the general shape of the signal. 
Computation of the deposited energy
The deposited energy is expressed in terms of radiant exposure (J/cm 2 ) as usual in the state of the art [16] [13] [21] . A spot size area of 1 mm in diameter was considered to compute the radiant exposure from the measured power. During the experiments, the optical fibre is inserted in the foreseen cuff hole and manually aligned with the nerve thanks to the aiming beam. The distance between fibre tip and the epineurieum is difficult to accurately measure and might vary from one experiment to another. The spot size was estimated thanks to the aiming beam spot size. 
RESULTS
A hybrid cuff electrode, with electrical contacts and an optrode, was developed originally to measure the neural action potentials. However, due to the laboratory environment and unshielded room, the recording noise is still too important to detect the expected activity, i.e. short spikes of 200 µs and of amplitudes smaller than 30 µV. However, muscular activity is clearly recorded, allowing to evaluate recruitment for motor nerve fibres. Figure 5 shows muscle responses following photonic pulses on a mouse sciatic nerve. The delay between the beginning of the stimulating pulses and the first recorded peak is 1.2 +/-0.05 ms. Radiant exposure for each pulse duration can be found in Table 1 , together with the corresponding recruitment percentage (peak amplitude normalised with respect to the maximum peak amplitude). Table 1 . Inventory of the photonic pulse parameters used in the present experiment, the corresponding radiant exposures (for a spot size of 1 mm diameter) and the recruitment percentage (i.e. the peak amplitude normalised with respect to 760 µV, the mean value obtained with a 900 µs pulse).
Two responses to a 500 µs pulse were recorded and yielded a 515 µV and 759 µV amplitude respectively. The average between both values was used in Table 1 to compute the recruitment.
The mouse nerve remained viable throughout the entire experimentation, which was confirmed by electrical stimulation at the end of the experimentation. Similarly, visual inspection did not reveal any nerve damage.
DISCUSSION
A recruitment curve was obtained by stimulating a mouse sciatic nerve with photonic pulses of increasing duration and by recording the evoked electrical activity ( Figure 5 ). This experiment was performed with a hybrid cuff electrode, able to electrically or photonically stimulate the nerve and to record the evoked activity. The nerve action potential signals could not be recorded directly but a recruitment curve was obtained from the measured muscular activity.
The muscular action potential amplitude reaches its maximum value with a radiant exposure of about 0.23 J/cm 2 . However, a maximum amplitude of 760 µV was measured in one instance, while a repeated stimulus only yielded 68% of this value. This indicates that the maximal recruitment is probably reached very close to this exposure level.
The minimum radiant exposure which induces a 21% muscular response was measured to be 0.05 J/cm 2 . This value can be compared to data acquired during a similar experiment at a wavelength of 1495 nm [8] : with an output power of 2.3 W, a pulse duration of 2 ms and a spot diameter of 0.4 mm, the stimulating radiant exposure is around 3.7 J/cm 2 . The main difference between the two works justifies further exploration of the parameters used including pulse intensity, duration and irradiated area. Successful stimulation at short duration (100 µs) is encouraging because it reduces the power consumption of the neurostimulator, thus improving implantability, and because it reduces heat generation, a major safety concern. During preliminary experiments (results not shown here), it was observed that stimulating pulses longer than 1 ms could be damaging for the nerve, whereas with the pulses used here, the nerve remained viable throughout.
Our present data confirm results obtained previously [19] . Due to a completely different electrode arrangement (two subcutaneous needles placed in each leg), our previously published recordings were characterised by a different peak delay (2.6 ms instead of 1.2 ms) and a 10 times smaller amplitude with reverse polarity compared to Figure 5 . However, the pulse intensity and duration were similar and, this time, a motor nerve recruitment curve could be obtained. Also, in this repeat experiment, the animal temperature was much better maintained between 35° and 39°C with a heating lamp while a drop to values between 28 and 32 °C was observed in the previous setting. The temperature and source to electrode distance differences can easily explain the differences in apparent latency.
The results shown in the present work are extracted from one experiment only, performed on one mouse. Even if they validate the results from a previous experiment while adding recruitment information, additional data are required to verify the reproducibility of the results. Electrical noise is still one of the current limitations of our experiments, preventing the identification of neural potentials. It emanates from various sources: 230 VAC mains and digital and injected noise from the equipment. The neoV1470 could be battery-powered to decrease part of this electrical interference. Shielding of the mouse set-up could be envisaged. The temperature control can also be improved as it is an important parameter for action potentials propagation speed [22] and stimulation threshold. Mechanisms behind photonic neurostimulation are still largely unknown but temperature dependency has been shown [14] [23] . The stimulation threshold could relate differently to the absolute temperature value or to a temperature gradient. Additional experiments at different temperatures need to be conducted. The electrode also deserves some redesign work in an attempt to improve the recording quality and to identify neural activity directly.
CONCLUSION
A recruitment curve was obtained by stimulating a mouse sciatic nerve with photonic pulses of increasing duration and recording the evoked electrical activity. The nerve action potential signals could not be recorded directly with the designed hybrid cuff electrode, so muscular activity was used to reflect the motor fibres activity. Motor fibres can be recruited between 0.05 and 0.23 J/cm² for pulses in the 100 to 500 µs range. The mouse nerve remained viable throughout the entire experimentation. Further studies should assess the impact of parameters such as the energy level, the irradiated area, the absolute temperature and the local temperature gradient. Neural signal acquisition improvement is undertaken with aim to shed light on the mechanism of action potential initiation under photonic stimulation in the conditions presented here.
